The circadian rhythms of melatonin and body temperature are set to an earlier hour in women than in men, even when the women and men maintain nearly identical and consistent bedtimes and wake times. Moreover, women tend to wake up earlier than men and exhibit a greater preference for morning activities than men. Although the neurobiological mechanism underlying this sex difference in circadian alignment is unknown, multiple studies in nonhuman animals have demonstrated a sex difference in circadian period that could account for such a difference in circadian alignment between women and men. Whether a sex difference in intrinsic circadian period in humans underlies the difference in circadian alignment between men and women is unknown. We analyzed precise estimates of intrinsic circadian period collected from 157 individuals (52 women, 105 men; aged 18-74 y) studied in a month-long inpatient protocol designed to minimize confounding influences on circadian period estimation. Overall, the average intrinsic period of the melatonin and temperature rhythms in this population was very close to 24 h [24.15 ± 0.2 h (24 h 9 min ± 12 min)]. We further found that the intrinsic circadian period was significantly shorter in women [24.09 ± 0.2 h (24 h 5 min ± 12 min)] than in men [24.19 ± 0.2 h (24 h 11 min ± 12 min); P < 0.01] and that a significantly greater proportion of women have intrinsic circadian periods shorter than 24.0 h (35% vs. 14%; P < 0.01). The shorter average intrinsic circadian period observed in women may have implications for understanding sex differences in habitual sleep duration and insomnia prevalence.
The circadian rhythms of melatonin and body temperature are set to an earlier hour in women than in men, even when the women and men maintain nearly identical and consistent bedtimes and wake times. Moreover, women tend to wake up earlier than men and exhibit a greater preference for morning activities than men. Although the neurobiological mechanism underlying this sex difference in circadian alignment is unknown, multiple studies in nonhuman animals have demonstrated a sex difference in circadian period that could account for such a difference in circadian alignment between women and men. Whether a sex difference in intrinsic circadian period in humans underlies the difference in circadian alignment between men and women is unknown. We analyzed precise estimates of intrinsic circadian period collected from 157 individuals (52 women, 105 men; aged 18-74 y) studied in a month-long inpatient protocol designed to minimize confounding influences on circadian period estimation. Overall, the average intrinsic period of the melatonin and temperature rhythms in this population was very close to 24 h [24.15 ± 0.2 h (24 h 9 min ± 12 min)]. We further found that the intrinsic circadian period was significantly shorter in women [24. 09 ± 0.2 h (24 h 5 min ± 12 min)] than in men [24. 19 ± 0.2 h (24 h 11 min ± 12 min); P < 0.01] and that a significantly greater proportion of women have intrinsic circadian periods shorter than 24.0 h (35% vs. 14%; P < 0.01). The shorter average intrinsic circadian period observed in women may have implications for understanding sex differences in habitual sleep duration and insomnia prevalence.
biological rhythm | gender | phase angle O n average, women go to bed earlier and wake up earlier than men, and they are more likely to rate themselves as morning types than men on standardized questionnaires (1) . We recently reported a substantial sex difference in the entrainment of human circadian rhythms, such that the circadian rhythms of melatonin and temperature were entrained to an earlier time relative to the nightly sleep/darkness episode in women compared with men (2) . The neurobiological mechanism underlying this sex difference in entrained circadian phase, which may have important implications for sleep quality and daytime alertness in women, remains unknown. Animal studies suggest that such differences in entrainment, technically called a phase angle difference between an endogenous rhythm (e.g., nightly secretion of melatonin) and the 24-h environmental light-dark (and wakesleep cycle) to which the rhythm is synchronized, may be attributable to underlying differences in either the resetting sensitivity to environmental synchronizers or the intrinsic period of the circadian pacemaker(s) driving circadian rhythmicity (3) (4) (5) . Little is known about sex differences in the sensitivity to photic resetting in humans, and no sex difference in the sensitivity to melatonin suppression by light has been reported in most studies (6) (7) (8) . Findings from multiple studies in nonhuman animals have demonstrated that circadian period is shorter in females than in males, however (9, 10) .
In humans, Wever (11) reported in 1984 that in a self-selected light-dark/activity-rest/wake-sleep cycle (a "free-running" protocol), women had more sleep and shorter sleep-wakefulness and body temperature periods than men when the sleep-wake cycle remained synchronized with the body temperature rhythm. When the sleep-wake and temperature rhythms became desynchronized, he reported that the women and men had similar temperature periods, leading him to conclude that there was a sex difference in sleep-wake period but not in temperature period (11) . At that time, the powerful resetting effect of indoor levels of retinal light exposure on the human circadian timing system was not known (12) (13) (14) (15) (16) and likely had a strong influence on the assessment of circadian temperature period in those studies. It was subsequently recognized that the timing of the self-selected free-running rest-activity rhythm, commonly used as a circadian phase marker in nocturnal rodents, is not a reliable marker of the status of the circadian timing system in adult humans (17, 18) , whose behavioral choices are affected by many factors other than circadian rhythmicity, including homeostatic sleep drive. Unlike the self-selected rest-activity/sleep-wakefulness rhythm in humans, body temperature and pineal melatonin rhythms have been shown to be reliable markers of the hypothalamic circadian pacemaker that drives endogenous circadian rhythms of sleep propensity, rapid eye movement sleep propensity, urine production, cortisol, thyroid-stimulating hormone, and neurobehavioral performance (17, (19) (20) (21) (22) (23) (24) . Therefore, it is difficult to determine from that prior study whether the reported sex difference was attributable to a sex difference in circadian period, light sensitivity, or behavior.
In 1938, Nathaniel Kleitman (25) pioneered the use of an alternative protocol to assess the endogenous nature of circadian rhythms in humans by scheduling participants to a day length outside the range of entrainment [i.e., a forced desynchrony (FD) protocol] in an environment shielded from the Earth's 24-h lightdark cycle (i.e., deep within a cave). Conducting such a protocol in dim light minimizes the confounding effects of both behavioral choices and photic resetting on the assessment of period. Findings from mathematical modeling studies (15) have revealed that intrinsic circadian period can be estimated much more accurately from the Kleitman FD protocol than from the free-running paradigm, provided that: (i) external and internal factors that might influence the phase or period of the circadian pacemaker are minimized at the time of measurement (e.g., exposure should be limited to dim light during the waking day, and such dim light exposure should be distributed uniformly across the circadian cycle during the protocol) and (ii) the imposed period of the activity-rest, wake-sleep, light-dark and feeding-fasting cycles is sufficiently different from the near-24-h intrinsic circadian period, well outside the range of entrainment. Because the circadian timing system consists of multiple central and peripheral oscillators, as recognized from physiological studies in humans (26) (27) (28) and from molecular studies in animals (29) (30) (31) , it is important to measure more than one circadian output (e.g., core body temperature, plasma melatonin) (15) . Twenty-five years ago, we began using Kleitman's FD protocol to assess intrinsic circadian period in humans studied in an environment free of external time cues (23) . Using that protocol, our research group reported that the intrinsic period of the human circadian pacemaker(s) driving the rhythms of body temperature, melatonin, and cortisol secretion was stable and averaged 24.18 ± 0.15 h, with a percent coefficient of variation (PCV) of 0.6% (16) . We then functionally validated the FD method of assessing the intrinsic circadian period of this stable oscillatory system, which also drives the circadian rhythm of sleep propensity, by demonstrating that the range of entrainment to a weak photic/behavioral synchronizer included an imposed Tcycle period of 24.0 h but not 24.6 h (32), a result consistent with an average intrinsic circadian period closer to 24 h than to 25 h. Therefore, to resolve whether a sex difference in intrinsic circadian period underlies the sex difference in entrained circadian phase, in the present study we analyzed precise estimates of intrinsic circadian period collected from a series of 157 men and women who were studied using the Kleitman FD protocol.
Results
Data from 157 participants [52 women, 105 men; age (mean ± SD): 33.1 ± 17.4 y, range: 18-74 y] each studied for 2-6 wk in the laboratory, for a total of more than 5,000 d were included in our analysis. The average intrinsic circadian period was 24.15 h (SD = 0.2 h, SEM = 0.016 h, PCV = 0.8%) as assessed by core body temperature (n = 157; Fig. 1, Top) and was the same in the subset of subjects (n = 129) in whom we could also assess circadian period using melatonin data (Fig. 1, Middle) . In these subjects, the period estimates derived from core body temperature and plasma melatonin data were highly correlated (n = 129; r = 0.95 ± 0.07; P < 0.0001; Fig. 1, Bottom) . The circadian period was not significantly affected by the duration of the imposed rest-activity/light-dark cycle (T cycle; temperature period: F 1,155 = 0.18, P = 0.67; Table 1 ).
There was a significant influence of sex on circadian period as assessed using both temperature (F 1,155 = 8.54, P < 0.01) and melatonin (F 1,127 = 7.76, P < 0.01) data. The intrinsic period of the circadian pacemaker(s) driving those rhythms was significantly shorter in women than men as assessed by both temperature [women (n = 52): 24.09 ± 0.2 h, men (n = 105): 24.19 ± 0.19 h; P < 0.01; Fig. 2 Fig. 1 . Histogram of circadian periods as assessed using core body temperature (Top) or melatonin (Middle) in a group of adults studied in FD protocols. (Bottom) Relationship between temperature and melatonin period for each of the 129 subjects in whom both measures were determined. The slope of the dashed line, which represents a linear regression fit through these data with a forced intercept at 0, is 0.99988 ± 0.00024.
Consistent with a prior report based on results from a subset of these participants (16) , in the group as a whole we found no significant influence of age on intrinsic period as estimated from temperature (F 1,154 = 1.06, P = 0.3) or melatonin (F 1,126 = 0.78, P = 0.38) data ( The nadir of the fitted core body temperature rhythm, as determined from nonorthogonal spectral analysis (NOSA) of the body temperature data collected throughout the FD protocol and projected back to the last baseline night of sleep, occurred, on average, 3.12 ± 1.52 h before habitual wake time (range: 7.37 h before to 1.18 h after), whereas the circadian phase of the fitted melatonin peak occurred, on average, 4.6 ± 1.50 h before habitual wake time (range: 8.74 h before to 0.27 h before). When we examined the latter by sex, the circadian phase of the core body temperature nadir occurred 3.75 ± 1.27 h before wake time in the women (range: 7.37-0.79 h before wake time, n = 50), which was significantly earlier with respect to wake time than in the men (2.81 ± 1.54 h before wake time, range: 6.88 h before to 1.18 h after wake time, n = 103; P = 0.0003). Although the circadian phase of the fitted melatonin peak was earlier in the smaller subset of women in whom we had melatonin data than in the men, this did not reach statistical significance (women: 4.82 ± 1.3 h before wake time, range: 8.02-1.84 h before wake time, n = 42 vs. men: 4.49 ± 1.58 h before wake time, range: 8.74-0.27 h before wake time, n = 86; P = 0.2). The phase angle of entrainment relative to the sleep-wake and associated light-dark cycles was significantly associated with intrinsic circadian period for both core body temperature (F 1,150 = 36.47, P < 0.0001; Fig. 4 , Upper) and melatonin (F 1,125 = 71.4, P < 0.0001; Fig. 4 , Lower) rhythms, with longer periods associated with a later temperature nadir and melatonin maximum relative to sleep/darkness. Linear regression analysis on the relationship between period and phase angle of entrainment showed that a given difference in period was associated with a 3.6 ± 0.5-fold larger difference in temperature phase angle and a 4.6 ± 0.5-fold larger difference in melatonin phase angle. Thus, the average 0.1-h (6-min) period difference between women and men was associated with an average temperature phase angle difference of 0.36 h (22 min) and an average melatonin phase angle difference of 0.46 h (28 min).
The range of observed circadian periods provides additional information about the process of entrainment in this group of individuals. The daily phase shift (adjustment) needed to maintain entrainment to the 24-h day ranges from a delay of 0.52 h (31 min) in the individual with the shortest period to an advance of 0.60 h (36 min) in the individual with the longest period, whereas individuals with average circadian periods require a daily phase advance of 0.15 h (9 min). As can also be seen in Fig. 1 , ∼21% of the individuals had circadian periods that were shorter than 24 h. When we examined this by sex, a significantly greater proportion of the women had periods shorter than 24 h compared with the men (34.6% vs. 14.3%; Fisher's exact test, P = 0.0061).
In the subjects overall, the clock hour of wake time was significantly associated with temperature (F 1,151 = 4.55, P < 0.05) and melatonin period (F 1,126 = 4.68, P < 0.05), as was the clock hour of bedtime with temperature period (F 1,151 = 4.52, P < 0.05), such that shorter periods were associated with earlier bedtimes and wake times and longer periods were associated with later bedtimes and wake times. Clock hour of bedtime tended to be associated with melatonin period, although this did Average (±SD) intrinsic circadian period estimates derived from core body temperature and melatonin data of participants studied on three different FD T cycles. One participant studied on a T cycle of 11 h is not included in this table. Intrinsic circadian period data derived from core body temperature and melatonin were similar within and between each T-cycle group. Temperature Period (h) not reach statistical significance (F 1,126 = 3.80, P = 0.053). The association between period and the clock hour of bedtime and wake time was no longer significant when sex was included in our statistical model [bedtime-temperature period (F 1,150 = 2.67, P = 0.1), bedtime-melatonin period (F 1,125 = 2.02, P = 0.16), wake time-temperature period (F 1,150 = 2.98, P = 0.09), and wake time-melatonin period (F 1,125 = 3.18, P = 0.08)], indicating that the observed sex difference in period was sufficient to explain the relationship between sleep timing and period.
Discussion Findings from the current study conclusively demonstrate that the intrinsic period of the human circadian pacemaker(s) driving the melatonin and temperature rhythms is significantly shorter in healthy adult women than in healthy adult men. This finding resolves the inconsistency from Wever's early report (11) that was derived from free-running studies, in which participants were allowed to self-select their sleep-wake (and thus light-dark) timing. In that report, when the sleep-wakefulness and body temperature rhythms remained synchronized, the women slept for a greater fraction of each cycle and exhibited shorter sleepwake and body temperature rhythm periods than the men. After the sleep-wake and body temperature rhythms spontaneously desynchronized, the sleep-wake rhythms continued to show a sex difference but the body temperature rhythms were not different between the women and men. It is now known that the selfselected light exposure in those studies was of sufficient strength to influence the human circadian system (33, 34) . Furthermore, as a result of the circadian rhythm in sleep propensity, subjects in free-running studies whose sleep-wakefulness and temperature rhythms remain synchronized typically choose sleep-wakefulness times that result in uneven light exposure across circadian phases, although when those rhythms become desynchronized, the light exposure becomes somewhat more evenly spread across circadian phases. Thus, the different sleep-wake and associated light-dark exposures between the sexes in the two conditions in that study very likely confounded the body temperature period estimates and led to the discrepancy (15) . The advantage of the FD protocol used in the present study is that light levels were kept low and light exposure was spread evenly across circadian phases, minimizing the phase-dependent phase-shifting influence of light and allowing a more accurate estimate of period to be obtained. In doing so, we observed a significant sex difference in intrinsic circadian period. Using a different and much shorter protocol (35) , researchers failed to detect this small (6-min) but statistically and biologically significant sex difference in intrinsic circadian period, likely because that protocol produces less precise period estimates and, together with the small sample size in that study, resulted in insufficient statistical power to detect a difference of this magnitude. Consistent with our finding of a sex difference in intrinsic circadian period, findings from studies in a number of nonhuman animals have demonstrated that circadian period is shorter in females than in males (9, 10) . Although circadian period is a genetically determined and stable property of the circadian timing system (16, 17, 29, 31) , some environmental and chemical exposures have been shown to alter period (36) (37) (38) (39) . The shorter intrinsic circadian period we observed in women may be related to their higher estrogen levels, because it has been shown that continuous administration of estradiol benzoate results in a significant shortening of period in blind, ovariectomized, female hamsters (39) . Our finding of a shorter intrinsic circadian period in women may therefore be attributable, in part, to the higher circulating levels of estrogen in women. Alternatively, it may be that exposure to high estrogen at some point during development alters the hypothalamic circadian pacemaker, leading to the sexual dimorphism that has been reported in suprachiasmatic nucleus structure (40, 41) . We found that there was no significant interaction between age and sex and that the pre-and postmenopausal women in our study had similar periods, even though the postmenopausal women presumably had lower circulating estrogen levels. Further study with large numbers of participants throughout development will be required to characterize the sex difference in intrinsic circadian period and understand its physiological basis.
The finding that nearly four of five individuals have circadian periods longer than 24 h is consistent with the observation that most people report easier adaptation to westward travel, which requires that circadian rhythms be reset to a later hour, than to eastward travel, which requires that such rhythms be reset to an earlier hour. Our findings also suggest that more women than men may find it easier to travel eastward than westward, because women are more likely than men to have a circadian period shorter than 24 h.
The significantly shorter endogenous circadian period in women may partially account for our recent finding of an earlier timing of the endogenous melatonin and temperature rhythms relative Temperature Period (h) Fig. 4 . Scatter plot of relationship between circadian period and phase angle of entrainment in women and men studied in FD protocols. Phase angle of entrainment refers to the interval between circadian phase (fitted core body temperature minimum or melatonin maximum projected from the entire FD dataset to the beginning of the FD segment) and wake time/ lights-on. (Upper) Relationship in all 157 subjects as assessed using circadian phase of the core body temperature minimum; linear regression analysis yields a slope of 3.6 ± 0.5 h. (Lower) Relationship as determined using circadian phase of the melatonin maximum in the subset of 129 subjects in whom melatonin data were available; linear regression analysis yields a slope of 4.6 ± 0.5 h. Filled symbols represent women, and open symbols represent men.
to sleep/darkness in young women compared with young men (2), as well as the report of an earlier temperature nadir during sleep in older women compared with older men (42) . Although the 6-min difference in intrinsic circadian period between men and women that we observed in the present study may appear small, our present data suggest that this period difference may account for a substantial fraction of the phase angle difference that we observed (2, 43, 44) . Our population data indicate that a given period difference is associated with an approximately fourfold greater difference in entrained phase, consistent with our prior report (43) . The 6-min average difference in intrinsic circadian period that we observed between women and men thus accounts for nearly a half-hour earlier alignment of the entrained melatonin rhythm relative to sleep. This intrinsic period difference could thus account for about 75% of the 36-min difference we previously observed in the timing of melatonin onset between women and men (2) . Analysis of the temperature data yields a qualitatively similar conclusion, although less of the 1.5-h observed difference in entrained temperature phase from our prior study can be accounted for by the average sex difference in intrinsic circadian period observed in the present study. Such a sex difference in entrained circadian phase, largely attributable to the sex difference in intrinsic circadian period reported here, results in women sleeping and waking at a later circadian time than men, a finding that has important implications for sleep quality in women. Studies in young men have found that the ability to have a consolidated ∼8-h sleep episode is greatest when sleep is initiated approximately 5 to 6 h before the circadian phase of the core body temperature nadir (20, 21) . In our previous study, the men had habitual bedtimes and wake times that were nearly ideal for the maintenance of high sleep efficiency, whereas the women had a relatively delayed timing of sleep with respect to the timing of their circadian rhythms. That delayed biological time of sleep would be expected to result in greater sleep maintenance problems and may predispose women to develop sleep disorders, such as sleep maintenance insomnia and early morning awakening, which are more prevalent in women than in men (45, 46) . This increased likelihood of sleep disruption in women attributable to the biological time of sleep may be exacerbated with age (47) (48) (49) , as the sex difference in insomnia complaints increases further in people over 45 y of age (46, 50) . Our findings of a sex difference in intrinsic circadian period and phase angle of entrainment suggest that light treatments for patients with circadian rhythm sleep disorders should be sex-specific and that additional studies of the phase angle of entrainment in middle-aged participants and in participants with complaints of sleep-maintenance insomnia, as well as studies in which sex differences in light sensitivity are explored, should be undertaken.
Our present analyses confirm that intrinsic circadian period in healthy humans is very close to 24 h and shows a low coefficient of variation, similar to observations obtained from other mammalian species. We also found that the Kleitman FD technique for assessing circadian period was robust, producing observed periods independent of the imposed rest-activity cycle (T cycle), consistent with our previous report (16) . The near-24-h average intrinsic circadian periods reported here are consistent with a number of reports on smaller groups of sighted participants studied under similar conditions when observed circadian rhythmicity was dissociated from the timing of the light-dark and sleepwake cycles (35, (51) (52) (53) (54) . They are also consistent with our demonstration that human circadian pacemakers can be entrained with a very weak (∼1.5 lux) light-dark/sleep-wake cycle to a 24-h day but not to a 24.6-h day (32) . Our data also confirm our prior report from a subset of these participants (16) that intrinsic circadian period does not shorten with age in humans, although longitudinal studies in humans have not been performed. In several cross-sectional rodent studies, older animals were reported to exhibit shorter circadian activity rhythm periods than young animals (e.g., [55] [56] [57] , although longer periods in older animals have also been reported (58) . Findings from rigorously controlled longitudinal animal studies (59, 60) have revealed that, overall, there is no systematic shortening of intrinsic circadian period within individuals as they age.
Our finding of a significant association between intrinsic circadian period and phase angle of entrainment is in accordance with findings from both animals and humans (3, 5, 43) , including findings from earlier reports on subsets of the participants included here (44, 61) . We found that the interval between the melatonin peak or temperature nadir and wake time (time of lights-on) was longer in participants with the shortest periods and shortest in participants with the longest periods. Thus, individuals with longer periods, who need to receive large phase advance shifts to remain entrained, were waking at an earlier biological time, closer to the peak sensitivity to the phase-advancing influence of light. In contrast, individuals with shorter periods were going to bed at a later biological time, such that they received more phase-delaying evening light exposure. This finding has considerable practical relevance for understanding and treating circadian rhythm sleep disorders. Individuals in our study with the shortest and longest periods required a phase shift of approximately 35 min/d to remain stably entrained. If they were not exposed to light of sufficient strength and/or duration or chose behaviors (e.g., staying up late, getting up early) that altered their light exposure timing, that behavior could result in phase shifts of insufficient magnitude to allow for stable entrainment, leading to a circadian rhythm sleep disorder. Notably, when the circadian period is less than 24 h, the pattern of light exposure required for stable entrainment is qualitatively different, with evening light exposure required to induce a daily circadian phase delay shift to a later hour rather than morning light exposure being required to induce a daily phase advance shift to an earlier hour. The consequence of an insufficient synchronizing stimulus is also qualitatively different in those with a less than 24-h intrinsic circadian period, resulting in progressively earlier rather than later circadian timing. The fact that one-third of women have an intrinsic circadian period shorter than 24 h suggests that such women may be more prone to the symptoms of advanced circadian phase, such as early morning awakening.
Our study had a number of limitations. First, we did not have a sufficiently diverse sample to evaluate the recent report of racial differences in circadian period (35) , although we did test this and found no evidence for a racial difference in circadian period in our sample. Participants in that study were repeatedly exposed to ambient light intensities of up to ∼100 lux, which has considerable phase-shifting effects (14) ; therefore, the reported racial differences in the circadian rhythm of light sensitivity could account for all the apparent differences in circadian period observed on that protocol (35) . It should also be noted that the ultrarapid (in two cycles) method for assessing period used in that report has not been validated. Further studies assessing intrinsic circadian period during FD in dim light in larger numbers of well-characterized individuals will be required to distinguish between those possibilities. Second, the several weeks of study required to assess intrinsic circadian period in the FD protocol precluded us from assessing in women whether intrinsic circadian period varied with the phase of the menstrual cycle, which was not assessed in this protocol. Third, we were unable to evaluate the impact of genetic polymorphisms on intrinsic circadian period in the entire group, because the participants studied decades ago were not asked to provide consent for genetic evaluations.
In summary, our results on a large cohort of individuals in whom intrinsic circadian period was precisely measured demonstrate that intrinsic period of the human circadian timing system is, on average, slightly longer than 24 h; shows similar individual variability to that from other mammalian species; and does not shorten with age in healthy older individuals. We found a sex difference in intrinsic circadian period, with women having a significantly shorter average intrinsic circadian period than men and a much greater percentage of women than men having periods shorter than 24 h. The shorter intrinsic circadian period observed in women is consistent with our recent observation in a different cohort of young subjects, who were carefully matched for age and sleep-wake timing, that young women have a later biological time of sleep (i.e., an earlier circadian phase relative to the timing of sleep). The range of periods observed in this sample and the shorter periods in women have implications for understanding the development of circadian rhythm sleep disorders and for the higher rates of insomnia among women.
Materials and Methods
Protocol and Data Collection. The data reported here were collected in a series of FD studies conducted in our laboratory over a 25-y period from 1985 to 2010 (16, 44, (62) (63) (64) (65) (66) . In the FD protocol, the imposed light-dark (and corresponding activity-rest) cycle (the T cycle) is scheduled to a duration much shorter or longer than the near-24-h intrinsic circadian period and the light level during scheduled wake episodes was kept low to reduce the ability of the circadian system to entrain (synchronize) to the period of the imposed rest-activity cycle (67) . This results in both the photic and nonphotic influences on the circadian system being distributed across all phases of the circadian cycle. This schedule is maintained for at least 1 wk, although the precision of the period estimate is greater if data are obtained for 2 wk or longer. Data for the present analysis were drawn from several studies of differing durations and FD T-cycle (imposed rest-activity) lengths. T cycles in the studies included here were 11 (n = 1), 20 (n = 26), 28 (n = 114), or 42.85 (n = 16) h, and the FD segments were at least 2 wk (range: 14-43 d). Light levels throughout the FD segments were less than 20 lux anywhere in the study rooms.
During FD, physiological variables that have a circadian oscillation (those that are modulated, in part, by the circadian pacemaker) are collected and assessed for periodicity within the circadian range (see below). In the studies presented in this report, core body temperature was collected at 1-min intervals throughout each FD study using a rectal thermistor (Measurement Specialties). The temperature recordings were visually inspected for brief sensor removals (for showers or toilet use) and sensor slips, which were edited out before analysis. In many of the studies, we also collected blood (n = 127) or saliva (n = 2) samples approximately once per hour for all or part of the FD segment for analysis of melatonin. The plasma or saliva was frozen; after each study was completed, the samples were assayed for melatonin (by Pharmasan Labs, Inc., by the General Clinical Research Center Core Laboratory at Brigham and Women's Hospital, or by Solidphase, Inc.).
Subject Screening and Selection. In all the studies, participants underwent a medical and psychological screening process to ensure they were healthy before they were included in the study. This consisted of a medical history and physical examination, a 12-lead electrocardiogram, clinical biochemical tests on their blood and urine, and completion of psychological screening questionnaires and a structured interview with a clinical psychologist or psychiatrist. All participants aged 55 y or older also had an all-night clinical polysomnographic screening evaluation to screen out those with clinically significant obstructive sleep apnea.
Participants in all the studies reported no recent (within 1 y) history of regular night work and no recent (within 3 mo) crossing of more than one time zone. All participants were instructed to maintain a regular sleep-wake schedule for at least 1 wk before their study, and their compliance with this instruction was verified by a wrist activity monitor they wore during that week.
Data from an additional 97 FD participants studied in our laboratory between 1985 and 2010 were not included in our analyses. The majority of these participants (n = 70) had taken part in an FD study in which a drug, treatment, or intervention that had the potential to alter circadian period was tested in a between-subjects design, and they were randomized to a treatment group. Data from another 13 participants were not included because those individuals took part in an FD study in which a treatment that had the potential to alter period was tested in a within-subjects design and they received the treatment first, 2 additional participants who had a protocol disruption during their study that could have had an impact on the period estimate were not included, and data from 12 participants whose complete study records were not available at the time we completed the present analysis were also not included. Six individuals took part in more than one FD study in our laboratory, and we only included data from their first FD study in our analysis.
Data Analysis. Our group developed a method of NOSA to estimate circadian period precisely from FD data. This method takes into account the periodic influence of the imposed activity-rest cycle (the T cycle) and then searches for the unknown periodicity in the circadian range (16) .
To be consistent in our cross-study analysis, the temperature and melatonin data segment submitted to analysis always began at the first FD wake time and included as much of the available data as possible for an integral number of FD cycles (where an FD cycle is defined as having the rest-activity periods cover the 24-h cycle one time). The minimum FD duration included in the present analysis was two beat cycles, whereas the maximum number was six beat cycles.
The NOSA analysis was also used to determine circadian phase using all the data from the FD segment and projecting back to the start of the segment. For core body temperature, we used the minimum of the waveform fit to the FD data as the circadian phase marker, whereas for melatonin, we used the maximum of the waveform fit to the FD data as the circadian phase marker. Phase angle of entrainment was calculated by comparing the duration between the timing of the circadian phase marker and wake time/light onset time (the average wake/lights-on time from the week before the start of the inpatient study).
Correlation analysis between core body temperature and melatonin periods was performed using a Pearson correlation. Tests for main effects on period were performed using mixed model analysis of variance. Comparisons between age groups and sexes were done using Student t tests, correcting for variance homogeneity where necessary. Proportions of men and women with periods longer or shorter than 24.0 h were compared using Fisher's exact test. Examination of the relationship between period and phase angle of entrainment was performed using linear regression. All statistical analyses were performed using SAS (SAS Institute). 
